We have reported previously that a recombinant Escherichia coli co-expresses aminolevulinic acid (ALA) synthase, an NADP-dependent malic enzyme, and a dicarboxylate transporter-produced heme, an iron-chelated porphyrin, in a succinate-containing complex medium. To develop an industrially plausible process, a chemically defined medium was formulated based on M9 minimal medium. Heme synthesis was enhanced by adding sodium bicarbonate, which strengthened the C4 metabolism required for the precursor metabolite, although a pH change discouraged cell growth. Increasing the medium pH buffering capacity (100 mM phosphate buffer) and adding sodium bicarbonate enabled the recombinant E. coli to produce heme at rates 60% greater than those in M9 minimal medium. Adding growth factors (1 mg/l thiamin, 0.01 mg/l biotin, 5 mg/l nicotinic acid, 1 mg/l pantothenic acid, and 1.4 mg/l cobalamin) also induced positive heme production effects at levels twice of heme production in M9-based medium. Porphyrin derivatives and heme were found in the chemically defined medium, and their presence was confirmed by liquid chromatography/mass spectroscopy (LC/MS). The formulated medium allowed for the production of 0.6 µM heme, 29 µM ALA, 0.07 µM coproporphyrin I, 0.21 µM coproporphyrin III, and 0.23 µM uroporphyrin in a 3 L pH-controlled culture.
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Keywords: Porphyrin derivatives, recombinant E. coli, chemically defined medium Heme is a porphyrin derivative, which is coordinately bonded in a complex with ferric ion (Fe
2+
) and protoporphyrin, and is found in almost all cells as a prosthetic group of many proteins. Heme takes roles in oxygen transfer (hemoglobin and myoglobin), removal of reactive oxygen (catalase and peroxidase), and electron transfer for energy generation (cytochrome) [9] .
The first step in porphyrin biosynthesis is the formation of aminolevulinic acid (ALA). Two pathways for ALA synthesis have been reported; namely, the C4 and C5 pathways. Photosynthetic algae, cyanobacteria, and Escherichia coli harbor the C5 pathway, which is composed of three steps starting with glutamic acid with the aid of ATP, NADPH, and tRNA glu and is mediated by glutamyl-tRNA synthase, glutamyl-tRNA reductase, and glutamate-1-semialdehyde aminotransferase, respectively [14] . The C4 pathway is found in mammals, yeast, and photosynthetic purple non-sulfur bacteria and is mediated by a single step involving 5-aminolevulinate synthase to combine glycine and succinyl-CoA, a TCA intermediate [10] . Because the C5 pathway requires at least three enzymes in addition to ATP, NADPH, and tRNA glu , application of the C4 pathway has been proposed to synthesize ALA during biological processes [3] .
The authors have reported that E. coli (naturally possessing the C5 pathway) artificially expresses ALA synthase (hemA) from Rhodobacter sphaeroides, an NADP-dependent malic enzyme (maeB) that increases succinyl-CoA metabolic flux, and the dicarboxylate transporter (dctA) to overcome catabolite repression and to increase succinate intake to synthesize heme [5] . Because ALA is the committed precursor of heme biosynthesis, the result that an engineered E. coli producing ALA can also produce heme has been accepted. However, it has not been reported whether this strain can produce other porphyrin derivatives besides heme. Because heme is a commercially interesting molecule, a chemically defined medium rather than a complex medium is preferred for developing an economic heme-producing bioprocess.
This study reports on the formulation of a chemically defined medium for heme synthesis and confirmed E. coliproduced porphyrin derivatives from the chemically defined medium by LC/MS. Further metabolic engineering to increase porphyrin biosynthesis is also discussed.
MATERIALS AND METHODS
Strain and Medium E. coli W3110 was used for porphyrin derivative synthesis, as it conveys the pTrc(P lac hemA + -maeB-dctA) vector expressing ALA synthase (hemA), an NADP-dependent malic enzyme (maeB), and the dicarboxylate transporter (dctA) under control of the lac promoter [5] . The basal medium components were 0.2 g of NH 4 Cl, 0.1 g of NaCl, 10 g of succinate (disodium succinate hexahydrate), 2 g of glycine, 9 g of glucose, 14.7 mg of CaCl 2 , 0.25 g of MgSO 4 ·7H 2 O, 1 mg of thiamin, and 0.2 ml of mineral solution per liter. Sodium bicarbonate (10 g of NaHCO 3 per liter) was supplemented in flask experiments, and 3% CO 2 gas flushing replaced the bicarbonate in the bioreactor experiment. Either 64 mM (3 g of KH 2 PO 4 and 6 g of Na 2 HPO 4 per liter) or 100 mM phosphate solution (9 g of KH 2 PO 4 , 4.7 g of Na 2 HPO 4 ) were used for the basal medium. Vitamins (0.01 mg of biotin, 5 mg of nicotinic acid, 1 mg of pantothenic acid, 1.4 mg of cobalamin per liter), 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG), and 20 µg/ml ampicillin were supplemented when necessary. 
Growth Conditions
A single colony was inoculated in 3 ml of Luria-Bertani (LB) medium and grown at 37 o C for 16 h. Cell culture [5% (v/v)] was then transferred to a 250 ml Erlenmeyer flask containing 50 ml of chemically defined medium including sodium bicarbonate. Batch culture to produce the porphyrin derivatives was carried out in a 5 L bioreactor (LiFlus GX; Hanil Inc., Gangneung, Korea) containing 3 L of defined medium except bicarbonate. The pH of the bioreactor was maintained at 6.5 by adding 6 N NaOH or 6 N HCl. Mixed gas (21% O 2 , 3% CO 2 , and 76% N 2 ) was supplied at a rate of 2 L/min.
Analytical Procedures
Bacterial biomass was estimated by measuring the optical density (OD) at 600 nm.
The cell culture supernatant was separated into ALA and porphobilinogen (PBG) on a chromatography system containing two different types of ion-exchange columns (ALA/PBG column test kit; Bio-Rad Laboratories, Hercules, CA, USA). The amounts of separated ALA and PBG were quantified based on their reactivity with Ehrlich's reagent (A 553 , Bio-Rad Laboratories) compared with that of standard material [1] .
Red-colored cells were harvested by centrifugation (13,000 rpm at 4 o C) for 5 min to estimate the heme, resuspended in 200 µl of 1 N of NaOH, and then disrupted using a UP200S sonicator (Hielscher Ultrasonics GmbH, Teltow, Germany) set at 30 W for 20 min at 1 s intervals on ice. After removing the cellular debris by centrifugation, the upper layer was mixed with 2-fold acetonitrile:dimethylsulfoxide (DMSO) [4:1 (v/v)]. After vigorous vortexing, the mixture was separated into an upper acetonitrile layer and a lower NaOH layer by centrifugation. The two layers were applied to high performance liquid chromatography (HPLC) analysis (Alliance HPLC system; Waters, Milford, MA, USA).
Heme was separated by isocratic flow reversed-phase (RP)-HPLC on an octadecylsilyl (ODS) column (Xbridge C18, Waters) coupled with a UV detector (400 nm, 2489 UV/visible detector) with 86% (v/v) methanol in 1 M ammonium acetate buffer (pH 5.16 adjusted with acetic acid) as the eluent. Hemin (Sigma-Aldrich, St. Louis, MO, USA) was used as the standard [8] .
To quantify uroporphyrin, and coproporphyrin I and III, cells were removed by centrifugation and the supernatant was mixed with cold acid-acetone [0.2% 10 N HCl and 99.8% acetone (v/v)]. The mixture was stored at 65 o C for 30 min to denature the proteins. The denatured proteins were removed by centrifugation and the supernatant was evaporated. The remaining powder was resuspended in 200 µl of 1 N NaOH and injected for HPLC analysis. Porphyrin was separated by RP-HPLC on an ODS column with a UV detector (400 nm) and two solvents (Solvent A: 0.05% trifluoroacetic acid in water; Solvent B: 0.05% trifluoroacetic acid in CH 3 CN) with a gradient of 100% A (0-5 min), 0-50% B (5-30 min), and 50-100% B (30-40 min) [12] .
LC-MS samples were prepared as follows. Ten ml of culture was centrifuged (6,000 ×g for 5 min at 4 o C), and the pellet was washed with 0.85% NaCl. The cells were suspended in 200 µl of acetonitrile:dimethylsulfoxide (DMSO) [1:1 (v/v)] and then disrupted using a sonicator set at 30 W for 20 min at 1 s intervals on ice. After removing the cellular debris by centrifugation (13,000 ×g for 10 min at 4 o C), the supernatant was used for LC-MS (NICEM at Seoul National University, Korea) [2] .
RESULTS AND DISCUSSION

Biosynthesis of Porphyrin Derivatives and Analysis in Defined Medium
In a previous study, we reported that the recombinant strain E. coli W3110 harboring pTrc[P lac hemA + -maeB-dctA] produced heme in a complex medium (S-medium containing glucose, glycine, and succinate) [5] . Because the pathway leading to heme is mediated by seven steps after ALA formation and there are branch pathways leading to other porphyrin derivatives (Fig. 1) , the proportion of porphyrin derivatives was required to understand the pathway. It was also necessary to develop a cheaper chemically defined medium than complex media to develop an economical bioprocess for heme synthesis.
To synthesize heme using an industrially plausible medium, a chemically defined medium based on the M9 medium was formulated, and porphyrin production including heme was investigated. The M9 minimal medium was composed of 64 mM phosphate buffer and nitrogen sources (0.2 g/l of NH 4 Cl) and 14.7 mg of CaCl 2 , 0.25 g of MgSO 4 ·7H 2 O, 1 mg of thiamin, and 0.2 ml of trace metals and was used as the basal medium. Carbon sources of 9 g of glucose, 2 g of glycine, and 10 g of disodium succinate hexahydrate per liter were the same as those in the Smedium. Ten grams of sodium bicarbonate was also added to strengthen C4 metabolism, because sodium bicarbonate is essential for NADP-dependent malic enzyme (maeB) activity, which requires CO 3 -as a substrate [7] . Recombinant E. coli was inoculated into the basal medium containing phosphate buffer (Fig. 2) . Bacterial growth was initiated after an 18 h lag phase, and the culture did not turn red. We suspected that this may have been caused by the pH of the medium due to sodium bicarbonate as the carbonic acid source, which affected cell growth and porphyrin derivatives biosynthesis. The pH of the chemically defined medium containing 64 mM phosphate buffer increased rapidly from 6.5 to 8.8 over 20 h. Thus, the phosphate concentration in the M9 minimal medium was increased from 64 mM to 100 mM to prevent pH fluctuation. Cells subsequently grew without a lag phase and turned the medium a red color in 20 h. The pH of the chemically defined medium containing 100 mM phosphate buffer increased slightly from 6.5 to 8.8 over 20 h. Medium without sodium bicarbonate was used, and CO 2 gas was provided to the bioreactor to prevent inhibition of cell growth and biosynthesis of porphyrin derivatives due to pH fluctuations in the medium.
The S-medium was based on LB of a previous study [14] and contained various growth factors. The effect of adding major vitamins to the chemically defined medium was investigated. Biotin, nicotinic acid, pantothenic acid, thiamin, and cobalamin were selected based on the following rationale. Biotin is a mobile carrier of CO 2 and a major cofactor for the reaction mediated by carboxylase. Biotin has a role to maintain the level of mediators during gluconeogenesis and the citric acid cycle [4] , which was expected to increase C4 metabolic flux. Pantothenic acid is a substrate for initiating coenzyme A biosynthesis [13] , which might positively affect heme biosynthesis by increasing succinyl-coA synthesis as an ALA precursor based on the increase of the CoA pool. Thiamin is an essential co-enzyme for pyruvate dehydrogenase, pyruvate decarboxylase, α-ketoglutarate dehydrogenase, and transketolase [15] . Cobalamin also acts as an coenzyme for various enzymatic reactions [11] , and nicotinic acid is a derivative of pyridine and plays a role as a NAD(P) precursor to strengthen precursor carbon supply. Based on this background, the chemically defined medium containing 100 mM phosphate buffer was supplemented with vitamins (0.01 mg of biotin, 5 mg of nicotinic acid, 1 mg of pantothenic acid, and 1.4 mg of cobalamin per liter) to synthesize the porphyrin derivatives (Fig. 3) . As expected, the bacterial growth rate in the medium containing bicarbonate and vitamins increased 2.5-fold over 28 h and heme synthesis increased 2-fold compared with that in medium without bicarbonate and vitamins.
Porphyrin derivatives were analyzed by LC/MS in cultures grown in the formulated medium (basal medium with 100 mM phosphate, sodium bicarbonate, and vitamins) (Fig. 4) . The peaks of ionized ALA, uroporphyrin, coproporphyrin, protoporphyrin IX, and heme were identified at 114.1, 767.3, 596.4, 504.4, and 557.4 m/z, respectively. This result confirmed that porphyrin derivatives and heme coexisted in the culture.
Biosynthesis of Porphyrin Derivatives in a Bioreactor
A 5 L bioreactor fermentation was conducted to validate the formulated medium for biosynthesis of heme and the porphyrin derivatives (Fig. 5) . The medium contained vitamins, 100 mM of phosphate, and the same carbon sources used in the batch cultures. Mixed gas (3% CO 2 , 21% O 2 , and 76% N 2 ) was substituted for sodium bicarbonate. The pH of the bioreactor was maintained at 6.5 by adding 6 N HCl. Temperature and agitation were controlled at 37 o C and 350 rpm, respectively. Adding 0.1 mM of IPTG induced recombinant gene expression. Antifoam was added dropwise to prevent contamination.
The concentration of ALA, the first step in the biosynthetic pathway, was increased to 0.03 mM and then decreased gradually. The amount of PBG formed from two molecules of ALA increased to 0.04 mM and then decreased gradually after 24 h. Cellular concentrations of porphyrin derivatives such as uroporphyrin, and coproporphyrin I and III were maintained at low levels, increased dramatically at the late phase of fermentation, and finally decreased. Coproporphyrin III content (0.21 µM), a coproporphyrin I isomer, was 3.5-fold higher than that of coproporphyrin I (0.06 µM). The amount of heme increased to 0.6 µM gradually over 18 h and did not vary, suggesting that heme biosynthesis might be feedback regulated. Increases in cell growth and biosynthesis of porphyrin derivatives occurred after 48 h, indicating a physiological alteration in carbon source utilization in the recombinant E. coli. Therefore, further strain improvement would be necessary to de-repress heme feedback regulation and simultaneously prevent the loss of porphyrin derivatives. A simple strategy might be to upregulate hydroxymethylbilane synthase (hemC) and uroporphyrinogen III synthase (hemD), considering that only 0.2 µM uroporphyrin and 0.27 µM coproporphyrin were synthesized from 40 µM porphobilinogen. One report has indicated that only hemC overexpression encourages spontaneous uroporphyrin I synthesis and discourages uroporphyrin III [6] ; thus, coupled hemC and hemD expression would be a better strategy for heme biosynthesis. Moreover, hemE expression may be another strategy, because it would reduce the carbon leak of uroporphyrin III to bacterial siroheme synthesis [16] .
We have reported the formulation of a defined medium adapted for heme synthesis in an industrially plausible process using recombinant E. coli and confirmed that heme and other porphyrin derivatives were produced concurrently. Further studies will focus on the modification of genes to minimize the accumulation of mediators and promote heme synthesis and regulation of bacterial physiological changes during fermentation. PORPHYRIN DERIVATIVES FROM E. COLI 1657 Fig. 4 . LC/MS spectrum from culture of E. coli harboring pTrc(P lac hemA + -maeB-dctA) in a chemically defined medium.
